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iProgressive saturation EPR measurements and EPR linewidth
determinations have been performed on spin-labeled lipids in fluid
phospholipid bilayer membranes to elucidate the mechanisms of
relaxation enhancement by different paramagnetic ion salts. Such
paramagnetic relaxation agents are widely used for structural
EPR studies in biological systems, particularly with membranes.
Metal ions of the 3d and 4f series were used as their chloride,
sulfate, and perchlorate salts. For a given anion, the efficiency of
relaxation enhancement is in the order Mn21 > Cu21 > Ni21 >
o21 ’ Dy31. A pronounced dependence of the paramagnetic
elaxation enhancement on the anion is found in the order ClO4
2 >
Cl2 > SO4
22. This is in the order of the octanol partition coeffi-
cients multiplied by spin exchange rate constants that were deter-
mined for the different paramagnetic salts in methanol. Detailed
studies coupled with theoretical estimates reveal that, for the
chlorides and perchlorates of Ni21 (and Co21), the relaxation
enhancements are dominated by Heisenberg spin exchange inter-
actions with paramagnetic ions dissolved in fluid membranes. The
dependence on membrane composition of the relaxation enhance-
ment by intramembrane Heisenberg exchange indicates that the
diffusion of the ions within the membrane takes place via water-
filled defects. For the corresponding Cu21 salts, additional relax-
tion enhancements arise from dipolar interactions with ions
ithin the membrane. For the case of Mn21 salts, static dipolar
nteractions with paramagnetic ions in the aqueous phase also
ake a further appreciable contribution to the spin-label relax-
tion enhancement. On this basis, different paramagnetic agents
ay be chosen to optimize sensitivity to different structurally
orrelated interactions. These results therefore will aid further
pin-label EPR studies in structural biology. © 2001 Academic Press
Key Words: spin label; membrane; EPR; spin–lattice relaxation;
relaxation enhancement; paramagnetic ion; Ni21; Co21; Cu21;
n21; Dy31; Fe(CN)6
32; magnetic dipole–dipole interaction;
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INTRODUCTION
Motivations for the present work, which involves study of
the relaxation enhancements of spin labels in membranes by
various paramagnetic ion salts, are twofold. (1) Measurement221of spin-label relaxation enhancements induced by interaction
with paramagnetic ions, or their complexes, is a valuable and
proven approach to studying the spatial distribution of spin-
labeled functional groups of both phospholipids and proteins in
membranes (1–5). However, to obtain reliable structural infor-
mation from such spin-label EPR measurements, the mecha-
nisms of the enhancements need to be clearly understood in the
various cases. Both distance-dependent dipolar interactions
(3, 6) and Heisenberg exchange interactions (5) have been used
in such studies, depending on the chemical nature of the
paramagnetic relaxant. (2) There are many studies on perme-
ability and diffusion of small nonelectrolyte molecules (includ-
ing oxygen) in lipid membranes (7–9), as well as on the
permeability of univalent ions (10, 11). Divalent cations (other
than Ca21 and Mg21 of the normal physiological milieu) are
nown to affect the activity of a number of cytoplasmic and
embrane proteins. However, only limited data are available
n the permeability or transbilayer and lateral diffusion of
hese ions in lipid membranes (7, 12, 13). Such information
an be provided by spin exchange contributions to the relax-
tion enhancements if they are controlled by the collisional
ynamics between spin label and relaxant [e.g. (14, 15)].
In the present paper, spin-labeled phospholipids with differ-
nt positions of the nitroxide moiety in the acyl chain are used
n lipid bilayer membranes. This is done both to elucidate the
echanisms and efficiency of spin-label relaxation enhance-
ents by different paramagnetic metal ions and to obtain
nformation on the partitioning and diffusion of divalent ions in
embranes. The relaxation enhancements by paramagnetic
ons from the 3d (Cu21, Ni21, Co21, Mn21, Fe31) and 4f (Dy31)
series, which differ considerably in both their spin–lattice
relaxation times and their electron spin values, are compared.
Further, the role of the anionic counter ions, and also that of the
lipid phase state and composition of the membrane, in deter-
mining the relaxation enhancements is studied.
Progressive saturation techniques with integrated EPR in-
tensities and amplitudes are used for measuring the spin relax-
ation parameters. The advantage of using the second integrals,1090-7807/01 $35.00
Copyright © 2001 by Academic Press






































222 LIVSHITS, DZIKOVSKI, AND MARSHrather than spectral amplitudes, is that these do not depend on
the degree of inhomogeneous broadening in the EPR spectra
(16). In a previous paper (17), a method was developed for
determining the relaxation parameters from microwave-power
saturation curves that took account of both the Zeeman field
modulation and isotropic molecular motion of the spin labels.
For the present work, this method is extended to include
anisotropy of the molecular motion, as is necessary for spin-
labeled lipids in fluid membranes.
It is found that partitioning of the paramagnetic ions into the
membrane (most probably as ion pairs) can be of considerable
importance, and—depending on the anion—may be of over-
whelming importance. In consequence, direct Heisenberg spin
exchange interactions, rather than distance-dependent static
magnetic dipolar interactions with ions in the aqueous phase,
can come to dominate the relaxation enhancements. This is
especially the case for membranes in the biologically relevant
fluid phase and for particular anionic counterions such as
perchlorate. For these cases (i.e., spin exchange interactions),
the relaxation enhancements provide additional information
that relates to the partitioning and dynamics of the paramag-
netic ions within the membrane.
MATERIALS AND METHODS
Spin-labeled phosphatidylcholines, n-PCSL (1-acyl-2-[n-
(4,4-dimethyloxazolidine-N-oxyl)stearoyl]-sn-glycero-3-phos-
phocholine) with n 5 5, 8, 10, 14, or 16, were synthesised
ccording to Ref. (18). Synthetic phosphatidylcholine, DMPC
1,2-dimyristoyl-sn-glycero-3-phosphocholine), was from
vanti Polar Lipids (Alabaster, AL) and egg yolk phosphati-
ylcholine (PC) was from Fluka (Buchs, Switzerland). Cho-
esterol was from Merck (Darmstadt). The paramagnetic salts
iCl2, CuCl2, CoCl2, MnCl2, DyCl3, Ni(ClO4)2, Cu(ClO4)2,
iSO4, MnSO4, and K3(FeCN)6 were from Sigma (St. Louis,
O) and Fluka; methanol and n-octanol were of analytical
rade.
Spin-labeled phosphatidylcholines were incorporated in bi-
ayer membranes of DMPC or egg PC at a relative concentra-
ion of 1 mol% by drying down the lipid solutions in chloro-
orm and then suspending the dry lipid in water. The
oncentration of paramagnetic salts in the aqueous phase of the
ipid dispersions was either 10 or 30 mM. All membrane
ispersions (and also methanol solutions) were saturated with
rgon. Aliquots of the samples were loaded into 50-ml, 0.7-
mm-id glass capillaries (Brand, Germany) and flushed with
argon. Sample sizes were trimmed to 5-mm length to avoid
inhomogeneities in the H 1 and H m fields (19).
Partition coefficients of the paramagnetic salts in octanol/
ater were determined as follows. N-Octanol was added to a 1
aqueous solution of the salt in a volume ratio of 2.5 ml/l ml.
he mixture was vigorously shaken for 2 h, left to equilibrate
or 10 min, and centrifuged for 15 min at 13000 rpm. The
pper part of the octanol fraction was removed and centrifugedgain. A total of 1.6 ml of the resulting octanol fraction was
ixed with 1.6 ml of water for back-extraction, and the pro-
edure was repeated. The aqueous fraction was taken and used
or metal ion determination. The metal ion concentrations were
easured on an atomic absorption spectrometer with an accu-
acy of 0.005 ppm. The solutions were diluted 10-fold before
he measurements. In the case of copper and nickel perchlor-
tes and chlorides, the metal ion concentrations were also
etermined colorimetrically using metal indicators dimethyl-
lyoxime and dithizone for Ni21 and Cu21 ions, respectively.
EPR spectra were recorded at a microwave frequency of 9
GHz on a Varian Century Line or Bruker EMX spectrometer
equipped with nitrogen gas flow temperature regulation. Sam-
ple capillaries were positioned along the symmetry axis of the
standard 4-mm quartz EPR sample tube that contained light
silicone oil for thermal stability. Temperature was measured
with a fine-wire thermocouple located within the capillary in
contact with the sample. Samples were centered in the TE102
rectangular microwave cavity and all spectra were recorded
under critical coupling conditions. The root-mean-square mi-
crowave magnetic field ^H 12& 1/ 2 at the sample was measured as
described in Ref. (19), and corrections were made for the
cavity Q as described in the same reference. The in-phase EPR
spectra were recorded in the first-harmonic absorption mode at
a modulation frequency of 100 kHz. The modulation field
measured at the sample was 0.32 G p-p.
Water proton NMR linewidths from the residual HDO in
D2O were measured at 25°C for aqueous solutions of the
arious Ni21 and Cu21 salts at 30 mM and the Mn21 salts at 10
mM on a Bruker DRX-500 spectrometer. Corresponding EPR
linewidths were measured for the Cu21 and Mn21 salts at the
ame temperature on a Bruker ER-200 9-GHz spectrometer.
he dependence on anion was small in each case, indicating
hat differences in spin-label relaxation enhancements that are
eported here cannot be attributed to a dependence on the anion
f the relaxation parameters of the paramagnetic ions in the
queous phase.
THEORETICAL BACKGROUND
Progressive Saturation and Spin–Lattice Relaxation
Enhancements
In CW progressive saturation experiments, one determines a
saturation parameter, P, by fitting saturation curves for the
double integral, I, of the EPR spectrum to the equation
I 5
Io z H1
~1 1 P z H 12! 1/ 2
, [1]
where P 5 g e2 z T 1T 2eff, and T 2eff is an effective spin–spin
relaxation time that takes into account the relaxation contribu-



























223EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTSpresence of a paramagnetic relaxation agent at concentration
c R, the spin–lattice relaxation rate, T 121, is given by
T 121 5 T 1,o21 1 kRLcR, [2]
where T 1,o is the intrinsic spin–lattice relaxation time and k RL is
a constant that depends on the collision rate in the case of
Heisenberg spin exchange or on the distance of closest ap-
proach in the case of a static dipole–dipole interaction with the
paramagnetic relaxant. If the contribution of paramagnetic
enhancement to (T 2eff)21 is equal to that for T 121, then the
resulting change in saturation parameter, P, of the spin label is
given by
D~1/P! 5 ~g e2T 2,oeff! 21kRLcR, [3]
where it is assumed that k RLc R ! (T 2,oeff)21, and T 1,o @ T 2eff.
Typically, T 1,o (’1 ms) is an order of magnitude, or more,
reater than T 2eff, which has values ’3–7 3 1028 s from
inewidth measurements.
tatic Dipolar Enhancements of T1 Relaxation
The relaxation enhancement contributed by a static magnetic
ipole–dipole interaction between the spin label and a para-
agnetic ion arises from modulation of the dipolar interaction
y the rapid spin–lattice relaxation of the latter. The enhance-
ent by a single paramagnetic ion, i, may be derived from the






6r i6 H ~1 2 3 cos2V i! 2
3
T2,R






1 1 v L2T 1,R2
1 9 sin4V i
T2,R
1 1 ~vL 1 vR! 2T 2,R2 J , [4]
here vR and vL are the Larmor frequencies of the paramag-
etic ion and spin label, respectively, r i is the separation of the
spin label and paramagnetic ion, V i is the angle between the
interdipole vector r i and the magnetic field direction, T 1,R and
2,R (5T 1,R) are the spin–lattice and spin–spin relaxation times,
respectively, of the paramagnetic ion, and mR (5g RbeSR) is its
agnetic moment operator. In terms of polar coordinates de-
ned relative to the membrane normal, the angle V i is given by
cos V 5 cos u cos u 1 sin u sin u cos w , [5]i i 0 i 0 ihere u0 and u i are, respectively, the angles that the magnetic
field and interspin vector r i make with the membrane normal,
and w i is the azimuthal orientation of r i relative to the magnetic
field direction.
Paramagnetic ions, i, distributed in the aqueous phase or
adsorbed at the lipid–water interface give additive contribu-
tions to T 1,dd21 (static). Volume integration, in the first case, and
urface integration, in the second case, over the polar coordi-
ates r i, u i, and w i of the paramagnetic ions give values of T 1,dd21
(static) that are dependent on the magnetic field orientation u0.
For volume integration over the paramagnetic ion distribution,
the required terms in Eq. [4] are
E ~1 2 3 cos2V! 2r 6 dV 5 p4R 3 S cos2u0 1 38 sin4u0D
E sin22Vr 6 dV 5 p9R 3 S1 2 38 sin4u0D
E sin4Vr 6 dV 5 p36R 3 S4 2 3 cos2u0 1 38 sin4u0D ,
[6]
where R is the distance of closest approach of ions to the spin
abel, which is directed along the membrane normal. Analo-
ous expressions are obtained in the case of surface distribu-
ions of paramagnetic ions.
In saturation experiments with macroscopically unoriented
uspensions, one measures saturation parameters for the mem-
ranes that are randomly oriented with respect to the static
agnetic field direction, i.e., for spin packets with different
alues of u0 (0 # u0 # p/2). However, it can be seen from Eq.
[6] that the residual angle dependence of T 1,dd21 (static) on u0 is
much weaker than its initial dependence on V that is given in
Eq. [4]. Therefore, for reasonable estimates, one can average
T 1,dd21 (static) over u0 and use angular independent expressions
or T 1,dd21 (static). For volume and surface distributions, respec-
tively, one obtains






R 3 T1,R z c z f1~vL, vR! [7]










1 1 ~vL 2 vR! 2T 1,R2
1
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1 1 v L2T 1,R2
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224 LIVSHITS, DZIKOVSKI, AND MARSHwhere c and c s are the bulk and surface ion concentrations, in
ons/cm3 and ions/cm2, respectively, and mR2 5 g R2be2S R(S R 1
), with be as the Bohr magneton.
stimates of Static Dipolar T1 Enhancements
Estimates of the static magnetic dipolar relaxation enhance-
ent, T 1,dd21 (static), for various paramagnetic ions of interest,
Ni21, Cu21, Co21, Mn21, and Dy31, can be made from Eqs.
[7]–[9] by using the values of T 1,R and g R-factors that are
nown from NMR relaxation and EPR measurements for the
qua complexes of these ions (22–27). These estimates were
ade for R 5 1 nm and a bulk paramagnetic ion concentration
f 30 mM. In the case of ion adsorption at the lipid–water
nterface, the ion binding constants measured by electro-
horesis (28) were used to determine the values of the sur-
ace concentration c s corresponding to a bulk concentration
f 30 mM.
For ions with S . 12, it is necessary to take into account
ero-field splittings. This can affect both the determination of
1,R from solvent NMR T 1-relaxation dispersion and the spec-
tral densities (Eq. [9]) used to calculate the spin-label relax-
ation enhancement (see footnotes to Table 1). The latter were
calculated in a manner similar to that used previously for NMR
relaxation enhancements (23, 25). For Ni21, a value of D 5
.5 cm21 was used for the zero-field splitting and the spin-label
TAB
Numerical Estimates of Enhancements in T1- and T2-Relaxation
with 30 mM Aqueous Paramagnetic Ions, and R 5 1 nm in
Ion, R ^g R& S R T 1,R(s) b
Ni21 2.25 1 3 3 10212b
5 3 10212d
Co21 4.33 1/2 ’10212e
Cu21 2.2 1/2 1 3 1029f
3 3 1029f
Mn21 1.993 5/2 1 3 1029g
3.5 3 1029i
Dy31 1.33 15/2 3.5 3 10213j
8 3 10213f
a Surface concentrations of Ni21, Co21, Cu21, and Mn21 ions were calculated
(2.9 3 1012 cm22), Mn21 (6.5 3 1012 cm22), and in our unpublished electropho
ions to membranes. One expects, however, that its binding constant is greater
his case.
b Reference (22) accounting for dynamic zero-field splitting in determining
c Accounting for zero-field splitting in determining spin-label relaxation en




h Without accounting for zero-field splitting in determining spin-label relax
i Reference (25) accounting for static zero-field splitting in determining T 1
j Reference (26).relaxation enhancements were averaged over the angle be-
tween the principal axis of the Ni21–aquo complex and the
nterspin vector (23). Qualitatively, the result is to reduce the
pin-label relaxation enhancement because of the increased
ffective values of vR in Eq. [9]. For high-spin Co21 in octa-
hedral or tetragonally distorted hexa–aquo complexes, the
combined effect of the large crystal-field splitting and spin–
orbit coupling yields an isolated Kramers doublet as ground
state. In this case (cf. Table 1), the net effect is to reduce the
total spin of Co21 to an effective value of S R 5 12 with a g-value
of 4.33 and no zero-field splitting (see, e.g., 29). For Mn21, the
zero-field splitting of aquo complexes is small, and its effect on
NMR relaxation dispersion was found to be insignificant at
magnetic fields corresponding to 9-GHz EPR (27). Therefore
zero-field splitting was neglected in calculating the spin-label
relaxation enhancements, which means that these are upper
estimates for Mn21.
For both Ni21 and Co21, v 2T 1,R2 ! 1 and all three terms in the
spectral density contribute, whereas for Cu21 and Mn21, v 2T 1,R2
@ 1 and the first term in f 1(v L, vR) dominates at 9 GHz. The
arious EPR parameters of the different aqueous paramagnetic
ons and the T 1-relaxation enhancements predicted under the
xperimental conditions stated above are given in Table 1. The
alues of T 1,dd21 (static) are predicted to be rather small for the
rst three ions in Table 1, in the order Ni21 . Co21 ’ Cu21,
1
tes of Spin Labels in Membranes by Static Dipolar Interactions
s. [7]–[9] and Eqs. [10]–[12] for T1,dd
21 and T2,dd
21 , Respectively
T 1,dd21 (s21) T 2,dd21 (s21)
lume Surfacea Volume Surfacea
3 104c 3.9 3 104 0.9 3 104 4.3 3 104
3 104c 5.4 3 104 1.3 3 104 6.6 3 104
3 103 2.2 3 104 4.6 3 103 2.2 3 104
3 103 2.5 3 104 2.4 3 105 1.5 3 106
3 103 0.9 3 104 7.3 3 105 4.6 3 106
3 106h 1.1 3 107 2.8 3 106 3.1 3 107
3 106h 1.6 3 107 8.9 3 106 9.6 3 107
3 104h 1.9 3 105 1.3 3 104 1.9 3 105
3 104h 4.5 3 105 3.0 3 104 4.5 3 105
m the intrinsic binding constants given in (28): Ni21 (2.9 3 1012 cm22), Co21
s data Cu21 (3.8 3 1012 cm22). There are no data available on binding of Dy31
n for divalent ions, so a maximum value of c s 5 9 3 1012 cm22 was used in
R.
cements.
























































225EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTSbut they are expected to be much greater for Mn21 because of
the favorable values of T 1,R and spin S R. For Dy31, the mag-
netic moment is very large because of the lack of orbital
quenching for 4f ions, and values of the Lande´ g-factor g J 5
1.33 and total angular momentum J 5 15/ 2 were used to
stimate the dipolar relaxation enhancements. Nevertheless,
he predicted values of T 1,dd21 are still relatively small because of
the very short spin–lattice relaxation time that is characteristic
of lanthanide ions (other than Gd31) at ambient temperatures.
A similar situation (i.e., vT 1,R ! 1) probably obtains with
Fe(CN)632, for which T 1,R 5 2.3 3 10211 s at 77 K (20).
However, values of T 1,R have not been determined for this
ion at ambient temperatures and therefore it is excluded from
Table 1.
One should note that the above estimates are approximate in
some respects. The effects of hyperfine structure on the reso-
nance frequencies, vR, in the case of Cu21 and Mn21 ions, are
neglected in Eq. [9]. Also, the values of T 1,R for adsorbed ions
ay differ substantially from those of the aqua complexes.
urthermore, irrespective of the absolute magnitudes, it is clear
rom the above estimates that the values of T 1,dd21 (static) can
increase by up to almost an order of magnitude for strongly
adsorbed cations, because of the decreased average spin label–
ion separation.
Static Dipolar Enhancements of T2 Relaxation
The contribution, T 2,dd21 (static), to the spin–spin relaxation
ate that arises from static dipolar interactions of a spin label
ith paramagnetic ions modulated by spin–lattice relaxation of
he latter must also be considered, in relation to both progres-
ive saturation and linewidth measurements (20, 30). Accord-
ng to Leigh theory, the dipolar interaction between a spin label
nd a fast-relaxing paramagnetic ion leads mostly to a decrease
n EPR amplitude rather than to line broadening, because the
trong angle dependence of the static dipolar relaxation results
n drastic broadening, except for interspin vectors oriented
lose to the magic angle (30). However, as in the situation for
1,dd
21 (static) just treated, this angle dependence is substantially
decreased after integration over the volume or surface ion
distribution (see Eq. [6]). This then results in a line broadening,
rather than the apparent amplitude quenching that is obtained
for two isolated dipoles in Leigh theory. The angular-indepen-
dent expressions for T 2,dd21 (static) that are obtained in a similar
way to those for T 1,dd21 (static) are
T 2,dd21 ~static! 5
p z m R
2 z g e
2
90R 3 T1,R z c z f2~vL, vR! [10]
T 2,dd21 ~static! 5
p z m R
2 z g e
2
30R 4 T1,R z cs z f2~vL, vR!, [11]where
f2~vL, vR! 5 4 1
1
1 1 ~vL 2 vR! 2T 1,R2
1
3
1 1 v L2T 1,R2
1
6
1 1 v R2 T 1,R2
1
6
1 1 ~vL 1 vR! 2T 1,R2
. [12]
We note that for Cu21 and Mn21 (T 1,R ’ 1029 s) the first term
in f 2(v L, vR) dominates, which results in f 2(v L, vR) ’ 4. On
he other hand, for Ni21, Co21, and Dy31, all terms in the
spectral density contribute and f 2(v L, vR) ’ 20.
Using the same values of R 5 1 nm and a bulk ion
oncentration of 30 mM as for the estimations of T 1,dd21 (static),
ne obtains the values of T 2-relaxation enhancement that are
iven in Table 1. The angular-independent values of T 2,dd21
(static) estimated for Ni21 ions are about 50 times smaller than
or Cu21 ions, both for volume and surface ion distributions. In
urn, the values of T 2,dd21 (static) for Mn21 ions are about 10–20
times greater than for Cu21 ions.
Relaxation by Spin Exchange Interactions
Relaxation is mediated by Heisenberg spin exchange only if
the paramagnetic ions come into direct contact with the spin
label. For strong exchange, the rate of Heisenberg exchange is
determined by the collision rate constant k RL of Eq. [2] that can
be obtained from the Smoluchowski equation [see also (5)]:
kRL 5 4psRLrRLDT~ z!, [13]
here D T( z) is the local (isotropic) translational diffusion
oefficient of the ion pair (assumed greater than for the lipids),
RL is the interaction distance between ion and spin label, and
sRL is a steric factor (’1). The relaxation enhancement from
eisenberg exchange, T 1,HE21 5 k RLn R, is then obtained by the
combination of Eqs. [2] and [13]. In Eq. [13], however, it is
assumed that the local ion concentration n R( z) at distance z
long the membrane normal, which appears in Eqs. [2] and [3],
s expressed in ions per unit volume, rather than in molar units
hich was designated by c R. It should be noted that Heisenberg
xchange contributions to the T 2 relaxation rate are equal to
those for T 1 relaxation, i.e., T 2,HE21 5 T 1,HE21 (31).
ynamic Dipolar Relaxation Enhancements
In the case of rapid translational diffusion, spin-label relax-
tion can be induced by the modulation of the dipolar interac-
ions that arises from the mutual diffusive motions of the spin
abels and paramagnetic ions. Unlike the situation for Heisen-
erg exchange, the contribution of dynamic dipolar interac-
ions to T 2 relaxation is greater than the contribution to T 1
relaxation. This arises from the contributions to T 2 relaxation
of spectral densities at low frequencies. Dynamic dipolar re-






















226 LIVSHITS, DZIKOVSKI, AND MARSHr RL
2 / 2D T, and the criterion that the dynamic mechanism dom-
nates over the static relaxation mechanism is tD21 @ T 1,R21 and
ice versa (see, e.g., Ref. 32). For the case that dynamic dipolar
elaxation dominates, the T 2 enhancement is given by (32)
T 2,dd21 ~dynamic! 5 m R2 g e2 F16 J ~0!~0! 1 124 J ~0!~vR 2 vL!G ,
[14]
where vR and vL are the electron Larmor frequencies of the
paramagnetic ion and spin label, respectively. In Eq. [14],
spectral densities, J (k)(v), at the Larmor frequency and above
are assumed to be negligible compared with those at low
frequency (33) and therefore are omitted. For ions (e.g., Mn21)
ith g-values close to the spin label g-value, such that (vR 2
vL)2tD2 ! 1, it can be assumed that J (0)(v R 2 vL) ’ J (0)(0).
or ions with (vR 2 vL)2tD2 @ 1, on the other hand, the
relaxation term involving J (0)(v R 2 vL) may be neglected.
ith the zero-frequency spectral density for translational dif-
usion given by J (0)(0) 5 (48p/15 2)n R/(D Tr RL) (32), the
2-relaxation enhancement becomes
T 2,dd21 ~dynamic! 5 C z m R2 g e2nR/~DTrRL!, [15]
where C 5 2p/45 for (vR 2 vL)2tD2 ! 1, and C 5 8p/15 2 for
(vR 2 vL)2tD2 @ 1.
In contrast, the corresponding expression for the dynamic
dipolar enhancement in T 1 relaxation is (32)




2J ~0!~vR 2 vL!, [16]
i.e., T 1,dd21 5 (2/5)T 2,dd21 for (vR 2 vL)2tD2 ! 1, and T 1,dd21 ! T 2,dd21
for (vR 2 vL)2tD2 @ 1. Therefore, for ions with g-values that
iffer considerably from that of the spin label (Dg @ 0.01),
he dynamic dipolar T 1 relaxation is expected to be small. For
ons with g-values close to those of the spin label (Dg ,
.01), the T 1-relaxation enhancement is two-fifths that of the
ynamic dipolar T 2 relaxation rate.
RESULTS
Paramagnetic relaxation enhancements were determined for
phospholipids spin-labeled in the sn-2 chain by using progres-
sive saturation methods. Most of the measurements are con-
fined to fluid lipid bilayers in the L a-phase, which corresponds
to the dynamic state of biological membranes at physiological
temperatures, and concentrate on the nature of the paramag-
netic relaxant. Results on the intermediate P b9 gel phase are
presented later. A range of paramagnetic ions is used which
differ in their electron spin, g-values, and T 1 relaxation times,
in order to discriminate between the dipolar and exchangerelaxation enhancement mechanisms. Different anions are also
used because these may affect ion solubility in the membrane.
Ni21 ions are favored for further experiments on temperature
dependence and membrane composition because Ni21 gives
reasonably large relaxation enhancements and no background
EPR signal and has been used extensively in previous mem-
brane studies.
Dependence on Paramagnetic Ion
The dependence of the relaxation enhancement parameter,
D(1/P), on spin label position, n, of n-PCSL probes in fluid-
phase DMPC membranes is given for the interaction with
different paramagnetic ion chlorides in Fig. 1. An equivalent
concentration of MgCl2 was used as a nonparamagnetic con-
rol. The value of D(1/P) for 8-PCSL was zero in the presence
f 30 mM MgCl2, which shows that the enhancements ob-
served are entirely due to paramagnetic contributions. It is seen
that the paramagnetic relaxation enhancement is greatest for
Cu21 and decreases in the order Cu21 . Ni21 . Co21 ’
e(CN)632 ’ Dy31. This progression is not entirely in accord
with the estimates of the static dipolar contributions to the
relaxation enhancements that were given in the previous sec-
tion (cf. Table 1). The larger values of D(1/P) for Cu21 and
i21 chlorides, compared to those of Co21 and Dy31, do not
orrelate with the corresponding estimates of T 1,dd21 (static) and
T 2,dd21 (static). Also, the relaxation enhancement does not de-
rease monotonically with increasing values of n, for all ions.
FIG. 1. Dependence of the D(1/P) relaxation enhancement parameter on
labeling position, n, of n-PCSL spin labels in DMPC membranes at 39°C. Data
are given for different paramagnetic ion chlorides at a bulk concentration of 30
mM: CuCl2 (), NiCl2 (E), CoCl2 (), DyCl3 (1), and for K3Fe(CN)6 ({).












































227EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTSFor those ions for which it does, fits to the 1/R 3 or 1/R 4
dependence on separation predicted for a static magnetic di-
pole–dipole relaxation do not yield entirely consistent values
of the fitting parameters.
In principle, the relaxation data could be consistent, how-
ever, with a mechanism for the enhancement that is due to
Heisenberg spin exchange or dipole–dipole interaction be-
tween spin labels and paramagnetic ions which may partition
into the membrane.
Dependence on Anion
In order to distinguish further between the different mech-
anisms, the dependence of the relaxation enhancement on the
nature of the counterion was studied. The dependences on
spin-label position, n, of the D(1/P) enhancement parameter
for Ni21 ions with ClO42, Cl2, and SO422 anions and fluid
MPC membranes are given in Fig. 2. The values of D(1/P)
re considerably greater for Ni(ClO4)2 than for NiCl2, for all
values of n; the dependence on n is also steeper and is
approximately linear. In turn, the values of D(1/P) for NiCl2
are somewhat greater than those for NiSO4. A similar relative
order was found also for Mn21 chloride and sulfate, with fluid
MPC membranes (see later).
The value of D(1/P) for 5-PCSL in the presence of 30 mM
g(ClO4)2 was also measured as a diamagnetic control and
ound to be small and equal to 20.07 G2, indicating that the
strong positive effect of Ni21 (and Cu21) perchlorate is due
entirely to the paramagnetic properties of these ions. The
FIG. 2. Dependence of the D(1/P) relaxation enhancement parameter on
spin-label position, n, for 30 mM bulk concentration of Ni21 salts with
different anions: Ni(ClO4)2 ({), NiCl2 (E), and NiSO4 (). Data are given for
-PCSL spin labels in DMPC membranes at 39°C.slightly negative value of D(1/P) for Mg(ClO4)2 is probably
attributable to a decrease in rotational mobility (and hence
increase in T 2eff) of the spin labels that is seen in the corre-
ponding linear EPR spectra (see later).
Most Ni21, Cu21, and Mn21 salts are strong electrolytes. At
30 mM concentration in water the chlorides and perchlorates
almost fully dissociate, i.e., the cations exist in water as the
aqua complexes. The degrees of dissociation, estimated from
critical stability constants, are 0.98, 0.97, 0.99, and 0.97 for 30
mM NiCl2, CuCl2, MnCl2, and CoCl2, respectively. Those for
he perchlorate salts are expected to be even greater. Only for
he sulfates are they considerably smaller (approximately 0.5
or 30 mM NiSO4 and MnSO4). Further, experiments have
been performed that demonstrate that there is little effect of
anions on the relaxation properties of the various aqueous
paramagnetic ions, either from ion pairing or from any other
aqueous mechanism. Both the water proton NMR linewidths
and the paramagnetic ion EPR linewidths (for Cu21 and Mn21)
how only small variations with anion for the aqueous para-
agnetic salts. Manganese salts show the most appreciable
ependence on anion and that is only an approximately 10%
ariation. Therefore, the pronounced effects of anions on the
pin-label relaxation enhancements cannot arise from a mech-
nism involving paramagnetic ions in the aqueous phase. Also,
he dependences on anionic counterions that are almost fully
issociated in water cannot be explained in terms of a dipole–
ipole interaction of spin labels with paramagnetic ion–anion
omplexes located in the aqueous phase or adsorbed at the
ipid–water interface. On the other hand, they can be due to
artitioning of the paramagnetic ions into the lipid membrane
ost probably as cation–anion pairs. Then direct Heisenberg
pin exchange, or either a static or a collision-controlled dipo-
ar interaction, with the spin labels could account for the
elaxation enhancement. In particular, perchlorates of univalent
r divalent ions are known to be partly soluble in polar organic
olvents (e.g., acetonitrile, acetone, or dimethyl formamide)
34, 35). Partitioning of divalent cations into the membrane is
xpected to take place as compensating ion pairs on electro-
tatic grounds, because of the high Born energy penalty of
urying a highly charged ion of small radius in a medium of
ow dielectric constant (see, e.g., Ref. 12).
aramagnetic Salts in Organic Solvent
To obtain additional information relevant to the ion parti-
ioning hypothesis, the n-octanol/water partition coefficients
K p) of the different salts were measured by using atomic
bsorption spectroscopy (Table 2). Some of the larger values
ere confirmed by colorimetric measurements using indicator
yes. The dependence of the partition coefficient on the anion
for a given paramagnetic cation) is very clear in Table 2.
artitioning into the more hydrophobic environment is in the
rder perchlorate . chloride . sulfate.








































228 LIVSHITS, DZIKOVSKI, AND MARSHspectrum of the 10-PCSL spin label by paramagnetic ions was
measured in methanol. Corresponding bimolecular exchange
rate constants (k ex) were calculated by assuming that the para-
agnetic broadening was attributable solely to collisional spin
xchange in this low-viscosity solvent. These values of k ex are
given also in Table 2. The values of k ex for the salts of Cu21,
Ni21, and Mn21 are characteristic of strong exchange (31). The
alue of k ex for CoCl2 in methanol is found to be considerably
ower, which probably corresponds to the transition to weak
xchange (31). The very low value of k ex for DyCl3 is attrib-
utable to the small exchange integral for the screened 4f-
electrons of Dy31 (21).
As seen from Table 2, the product of the exchange constant
(k ex) with the octanol/water partition coefficient (K p) parallels
the relative values of D(1/P) for Cu21, Ni21, Co21, and Dy31
chlorides and for Ni21 salts with different counterions (cf. Figs.
and 2, respectively). Thus, the low value of D(1/P) for
oCl2, compared with NiCl2 and CuCl2, can be explained by
the relatively low values of k ex for a collisional exchange
nteraction, rather than by a very short T 1,R in terms of the static
dipolar relaxation mechanism (cf. Table 1). Similarly, the very
low value of D(1/P) for DyCl3 is evidently explained by the
ow value of the exchange rate constant. Potassium ferricya-
ide almost does not partition into octanol, so its rather low
alues of D(1/P) may be explained partly by its low solubility
n membranes.
Thus, to within the limitations of this model system, the
elative values of the exchange rate constants and partition
oefficients for different paramagnetic salts in organic solvent
o not contradict a relaxation mechanism that is mediated by
artition of the paramagnetic ions into membranes, most prob-
bly as cation–anion pairs. This is especially the case for the
erchlorates, which have relatively high partition coefficients.
TABLE 2
Properties of Paramagnetic Salts in Nonaqueous Solvents:
artition Coefficient, Kp, between n-Octanol and Water and
iomolecular Rate Constant, kex, for Spin Exchange with the
0-PCSL Spin Label in Methanol
Paramagnetic salt K p
k ex 3 1029
(s21 M21)a
K p z k ex
(s21 M21)
Ni(ClO4)2 12.2 3 1023 1.3 6 0.1 1.6 3 107
NiCl2 4.46 3 1024 1.1 6 0.1 4.9 3 105
NiSO4 1.53 3 1026 0.67 6 0.1 1.0 3 103
Cu(ClO4)2 14.2 3 1023 1.9 6 0.1 2.7 3 107
CuCl2 1.75 3 1023 1.8 6 0.1 3.1 3 106
CoCl2 4.69 3 1024 0.13 6 0.02 6.1 3 104
DyCl3 8.4 3 1025 ;0.05 ;4 3 103
MnCl2 5.02 3 1024 1.6 6 0.1 8.0 3 105
MnSO4 2.04 3 1026 0.77 6 0.2b 1.6 3 103
K3Fe(CN)6 ,1026 0.072 6 0.02b ,102
a Measured from the peak-to-peak linewidth, DH pp 1 0.783 G, where the
orrection is for inhomogeneous broadening (36).
b Measured in 50% v/v methanol/H2O mixture.or the remaining salts with lower partition coefficients, other
echanisms may also make a significant contribution to the
verall relaxation rate.
ependence on Ion Magnetic Moment
The static dipolar relaxation mechanism predicts a strong
quadratic) dependence of the relaxation enhancement on the
agnetic moment or spin of the paramagnetic ion (see Eqs. [4],
7], [8]). On the other hand, the spin exchange rate for strong
xchange between the radical and paramagnetic ion is virtually
ndependent of the magnetic moment of the paramagnetic ion
31). Therefore, to discriminate between these two relaxation
echanisms it was important to compare the values of D(1/P)
or ions which differ mainly in their electron spin. Mn21 and
Cu21 ions are appropriate for this purpose because their spin
values are S R 5 5/2 and 1/2, respectively, and the g-factors
iffer somewhat (see above), whereas the spin–lattice relax-
tion times are both on the order of 1029 s (37).
The second integrals of the EPR spectra from Mn21-ion-
containing samples are difficult to measure because of the
baseline associated with the strong underlying Mn21 EPR
signal. For this reason, saturation curves for Mn21-containing
samples were measured by using the spectral amplitude of the
central hyperfine component and a linear baseline correction
over this region. Microwave saturation curves were measured
for 8-PCSL and 12-PCSL in DMPC membranes, in the pres-
ence of 10 mM MnCl2, MnSO4, or CuCl2. (Lower concentra-
tions were used in this case to reduce the amplitude of the
background Mn21 EPR signal). The data for the 8-PCSL spin
abel in fluid-phase membranes are given in Fig. 3. It is seen
hat the extent of saturation is lower in the presence of Cu21
than in the presence of Mn21. The saturation curves for the
FIG. 3. Saturation curves as a function of H 1-microwave field strength for
he amplitude of the central (m I 5 0) manifold in the EPR spectrum of
-PCSL in DMPC membranes that are suspended in water (h), 10 mM MnSO4
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, [17]
here the parameter P 2 is similar to the saturation parameter P
haracterizing the saturation of the double integral of the
pectral intensity (see Eq. [1]). The values of the exponent, e,
in Eq. [17] lie in the ranges 1.38–1.5 and 1.15–1.2 at 19 and
39°C, respectively, for 5-, 8-, and 12-PCSL in DMPC mem-
branes. These exponents remained approximately the same in
the presence and absence of paramagnetic salts.
The values of D(1/P 2) for 8-PCSL and 12-PCSL in the
presence of 10 mM MnCl2, MnSO4, or CuCl2 are given in
Table 3. For 8-PCSL, the smaller values of D(1/P 2) for MnCl2
relative to CuCl2, e.g., 0.30 versus 0.41 G2 in the fluid phase,
are contrary to expectations for a static dipolar relaxation
mechanism (cf. Table 1). They are, however, consistent with a
collisional spin exchange mechanism because the octanol par-
tition coefficient (and to a lesser extent the value of k ex) is
lower for MnCl2 than for CuCl2 (see Table 2). In the case of
2-PCSL, the relative values of D(1/P ) for MnCl and CuCl
TABLE 3
Values of D(1/P2) and Corresponding Spin–Lattice Relaxation
ate Enhancements, D(1/T1), and Paramagnetic Line Broadening
DDv) for the EPR Spectra of n-PCSL Spin Labels in DMPC
Membranes in the Presence of 10 mM Concentrations of Mn21 and










5 39 MnSO4 0.57 3.8 6 0.4 7.6 6 0.6
8 39 MnSO4 0.19 1.5 6 0.1 5.2 6 0.3
MnCl2 0.30 2.3 6 0.2 6.5 6 0.3
CuCl2 0.41 3.3 6 0.3 4.7 6 0.3
12 39 MnSO4 0.25 2.1 6 0.2 5.9 6 0.3
MnCl2 0.415 4.0 6 0.4 8.4 6 0.6
CuCl2 0.275 2.9 6 0.3 4.1 6 0.3
5 19 MnSO4 0.1 0.74 6 0.08 9.7 6 0.7
8 19 MnSO4 0.03 0.09 6 0.01 5.9 6 0.3
MnCl2 0.05 0.26 6 0.03 7.3 6 0.3
CuCl2 0.09 0.47 6 0.05 4.4 6 0.3
12 19 MnSO4 0.08 0.40 6 0.05 5.3 6 0.3
MnCl2 0.15 1.0 6 0.1 7.3 6 0.3
CuCl2 0.05 0.28 6 0.03 4.1 6 0.4
a Values of D(1/P 2) are obtained from fitting progressive saturation curves
for spin-labeled membranes in the presence and absence of paramagnetic ions
to Eq. [17], yielding values of P 2 and P 2o, respectively, where D(1/P 2) 5
/P 2 2 1/P 2o, with an average rmsd of 0.05 G2. Values of D(1/T 1) are obtained
from spectral simulations (see text).
b Peak-to-peak linewidths DH PP and DH oPP are measured for the central line
m I 5 0) in the low-power EPR spectrum, in the presence and absence of
aramagnetic salt, respectively. Expressed in angular frequency units, the
2-relaxation enhancement is DDv 5 (=3/ 2)g e(DH PP 2 DH oPP).2 2 2are in the direction expected for a dipolar relaxation enhance-
ment, but their ratio is much less than that predicted from the
relative values of T 1,dd21 (static) in Table 1.
The saturation curve for 8-PCSL in DMPC in the presence
f 10 mM MnSO4 corresponds to a higher degree of saturation
(i.e., lower value of D(1/P 2)) than that with MnCl2 (see Fig.
). A similar trend is found also for measurements with 12-
CSL (see Table 3). As for NiSO4 (Table 2), MnSO4 partitions
ess into octanol (and, hence, into the membrane) than does the
orresponding chloride. Therefore the lower values of D(1/P 2)
or MnSO4 correspond to lower partitioning into the membrane
compared with the chloride, which is similar to the case with
the corresponding Ni21 salts.
Thus, all of the experimental results obtained, with the
possible exception of the sulfate salts, indicate that the relax-
ation enhancements produced by different paramagnetic ions in
the fluid phase of DMPC or egg PC membranes are caused
substantially by partitioning of these ions into the membrane,
most probably as ion pairs. The principal contribution to the
relaxation enhancement is then a collisional spin exchange
interaction, or a dipole–dipole interaction (possibly dynamic),
with the spin labels. The relaxation enhancement obtained with
the sulfate salts, which have the lowest partition coefficients,
gives an upper limit for the static dipolar contribution from
paramagnetic ions confined to the aqueous phase or to the
membrane surface.
Analysis of Low-Power Spectra
Because of the possibility that paramagnetic species pene-
trate the membrane, evidence for spin–spin interactions was
also sought from the conventional EPR lineshapes. The linear
(i.e., nonsaturated) EPR spectra of the membrane-incorporated
n-PCSL spin labels, in the presence of paramagnetic salts, were
used to determine the additional Lorentzian line broadening
relative to membrane samples in water. This additional broad-
ening was absent in the presence of diamagnetic MgCl2 (the
ionic radius of Mg21 is close to those of Ni21, Cu21, and Co21
(38)). For 5-PCSL and 8-PCSL in fluid DMPC and egg PC
membranes, the paramagnetic broadening is rather significant
in the presence of Cu21 and Ni21 perchlorates and chlorides
see, e.g., Fig. 4). The values of the paramagnetic broadening
ere determined from spectral simulations and also directly by
easuring the peak-to-peak linewidth of the central (m I 5 0)
pectral component or the half-width at half-height of the
ow-field (m I 5 11) component. Values of the spin–spin
relaxation enhancements (DDv) estimated from the paramag-
netic broadening of the m I 5 0 hyperfine component, by using
he relation for Lorentzian lineshapes, DDv 5 (=3/
)geDDH PP, are given in Fig. 5 for various n-PCSL spin labels
in fluid DMPC membranes in the presence of CuCl2,
Ni(ClO4)2, or NiCl2. The relative values of the line broadening
or CuCl2 and NiCl2 and the dependence on spin-label position,































230 LIVSHITS, DZIKOVSKI, AND MARSHD(1/P) (cf. Fig. 1). It is found that the line broadening is
largest for Cu21 and Ni21 perchlorates, is very small for Co21
and Dy31 chlorides, and is absent for magnesium chloride,
hich was used as a control.
The paramagnetic broadenings, DDv, of the m I 5 0 com-
onents in the spectra of 8-PCSL and 12-PCSL in fluid DMPC
embranes, which are induced by 10 mM MnCl2, MnSO4, or
CuCl2, are given in Table 3. For both spin labels, these values
re greater in the presence of MnCl2 than the corresponding
values in the presence of CuCl2. However, this difference is
less than a factor of 10–20 times that is predicted for a static
dipolar interaction (cf. Table 1). At the same time, the values
of DDv for Mn21 ions depend on the nature of the counterion:
hey are greater for MnCl2 than for MnSO4.
Spin-Label T1 Relaxation Times
Absolute values of T 1 and T 1,o, and hence of the spin–lattice
elaxation enhancements D(1/T 1), were obtained from simu-
lations of the partially saturated spectra. The model used for
simulation was one of spin-label rotational diffusion within a
cone with allowance for microwave saturation and the Zeeman
field modulation. Calibrations were established for the exper-
imental values of the saturation parameters, P and P 2, for the
integrated intensities (Eq. [1]) and spectral amplitudes (Eq.
[17]), respectively. The dynamic parameters (cone angle g or
FIG. 4. EPR spectra of n-PCSL phosphatidylcholine spin labels in DMPC
embranes at 39°C, in the presence (solid lines) and absence (dotted lines) of
0 mM Ni(ClO4)2. From top to bottom, spectra are of 5-PCSL, 8-PCSL,
2-PCSL, and 14-PCSL.rder parameter, S zz, and the rotational correlation time, tR)
nd spectral parameters (intrinsic spin–spin relaxation time,
2, and inhomogeneous Gaussian broadening, DH G) were first
determined from simulations of the corresponding linear (i.e.,
low power) EPR spectra. Full details of the model and cali-
brations for the relaxation parameters obtained from simula-
tions will be given elsewhere. Limitations on the accuracy in
determining the T 1 values from such simulations come from
he approximations of the motional model, as well as from the
ifficulty in extracting intrinsic T 2 values from inhomoge-
eously broadened lineshapes. In particular, simulations of the
inear EPR spectra were found to be only approximate for
2-PCSL and 16-PCSL in the gel phase. However, the en-
ancements (i.e., differences) in relaxation rates D(1/T 1) and
D(1/T 2) were found to be relatively insensitive to the exact
alues of the simulation parameters. The values of D(1/T 1) for
ifferent paramagnetic ions and different n-PCSL spin labels
re given in Table 4. Values of the paramagnetic broadening
DDv [ DD(1/T 2)) deduced from simulations of the linear
i.e., nonsaturated) spectra are also given in Table 4 for the
ame systems.
The enhancements in T 1-relaxation rate obtained by this
onlinear CW method are comparable to those obtained from
ime-domain saturation recovery techniques. For instance, a
alue of D(1/T 1) 5 1.4 3 10 6 s21 was measured for 9-PCSL
n DOPC–cholesterol membranes in the presence of 50 mM
3Fe(CN)6 by saturation recovery (39). Using the present
echnique and data from Fig. 1, a value of D(1/T 1) 5 1 3 10 6
FIG. 5. Dependence of the additional broadening, DDv, of the central
(m I 5 0) spectral manifold of n-PCSL in DMPC at 39°C on spin-label

















































231EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTSs21 is found for 8-PCSL in DMPC membranes at 39°C in the
presence of 30 mM K3Fe(CN)6.
It is seen from Table 4 that, in the presence of Ni21 chlorides
and perchlorates, the values of DDv and D(1/T 1) measured for
everal spin labels are close to one another. However, in the
ase of Cu21 ions, the values of DDv are systematically larger
than those of D(1/T 1) for all spin labels.
The spin–lattice relaxation enhancements D(1/T 1) for
-PCSL, 8-PCSL, and 12-PCSL that are induced by the pres-
nce of 10 mM MnCl2, MnSO4, or CuCl2 were also determined
rom spectral simulations in terms of the P 2 saturation param-
eter of Eq. [17] for the spectral amplitude. These values are
included in Table 3. In the fluid phase, the values of D(1/T 1)
are lower than the corresponding values of DDv in Table 3 for
all three paramagnetic salts, the ratio D(1/T 1)/DDv being
igher for CuCl2 than for MnCl2 and MnSO4.
ependence on Lipid Phase
The temperature dependence of both the paramagnetic
roadening and the effects of paramagnetic relaxation on the
aturation behavior were also measured. Values of D(1/P) for
-PCSL and 16-PCSL in DMPC membranes in the presence of
iCl2 are given as a function of temperature in Fig. 6. The
emperature dependence is relatively slight in the gel phase. It
ncreases at the lipid chain-melting transition (ca. 23°C) and
ontinues to increase rather steeply in the fluid phase (at least
or 8-PCSL).
The DMPC membrane becomes thinner at the chain-melting
ransition and continues to thin with increasing temperature in
he fluid phase (12, 40). The increase in paramagnetic enhance-
ent of membrane-embedded spin labels is therefore in qual-
TABLE 4
Spin–Lattice Relaxation Enhancements, D(1/T1), and Para-
agnetic Line Broadening (DDv) for Spin-Labeled Phospholipids









5-PCSL NiCl2 4.6 6 0.4 5.3 6 0.4
CuCl2 8.8 6 0.4 12.3 6 0.4
Ni(ClO4)2 14.0 6 0.4 13.6 6 0.4
8-PCSL NiCl2 3.9 6 0.4 4.4 6 0.4
CuCl2 5.1 6 0.4 8.8 6 0.4
Ni(ClO4)2 10.6 6 0.4 11.4 6 0.4
12-PCSL NiCl2 2.4 6 0.4 2.6 6 0.4
Ni(ClO4)2 8.7 6 0.4 8.8 6 0.4
14-PCSL Ni(ClO4)2 7.0 6 0.4 7.0 6 0.4
16-PCSL NiCl2 3.5 6 0.4 2.6 6 0.4
CuCl2 3.2 6 0.4 7.9 6 0.4
a Obtained from spectral simulations, where the T 2-relaxation enhancement,
DDv, is obtained from the Lorentzian half-widths at half-height of the low-
field (m I 5 11) manifold. T 5 398C.tative agreement with expectations for a static dipolar inter-
ction with ions confined to the aqueous phase. However,
uch of the evidence given above points to a major contribu-
ion to the relaxation enhancement in the fluid phase from
artitioning of the paramagnetic ions into the membrane. The
emperature dependence observed is consistent with such an
nterpretation, because it is expected that partitioning into the
embrane will increase at the chain-melting transition and that
oth partitioning and frequency of collision with the spin label
ill increase with increasing temperature in the fluid phase.
ffects of Membrane Composition
Because of the importance of paramagnetic ion partitioning
nto the membrane, it is of interest to explore the effects that
embrane lipid composition has on the paramagnetic relax-
tion enhancement and broadening. For the n-PCSL spin labels
n egg PC membranes, the dependence of D(1/P) on n is given
n Fig. 7. It is seen that the n-dependences in egg PC are
ualitatively similar to those for fluid DMPC membranes (Fig.
), although differences in the detailed profile are observed.
he largest discrepancy between the profiles is at the C-8
osition, which is close to the location of the cis-double bond
n the oleoyl sn-2 chain of egg PC. A rather strong dependence
f the D(1/P) parameters on the counterion is also observed
or egg PC membranes (Fig. 7), just as for fluid DMPC
embranes (Fig. 2).
Inclusion of cholesterol in the egg PC membranes gives rise
o pronounced changes in the dependence of D(1/P) on spin
FIG. 6. Temperature dependences of the D(1/P) relaxation enhancement
arameter for 8-PCSL (E) and 16-PCSL (h) in DMPC membranes in the






















232 LIVSHITS, DZIKOVSKI, AND MARSHlabel position, as is shown in Fig. 8. In the presence of 30
mol% cholesterol, the value of D(1/P) for 5-PCSL positioned
in the more polar part of the bilayer increases, whereas that for
16-PCSL located toward the hydrophobic centre of the bilayer
decreases. This striking modification of the relaxation enhance-
ment profile allows conclusions to be drawn about the nature of
divalent cation permeation into the membrane (see later Dis-
cussion).
Pb9 Gel Phase
The dependences of the D(1/P) parameter and paramagnetic
broadening of the linear EPR spectra on spin-label position (n)
ere also studied in the intermediate P b9 gel phase, in a way
imilar to that for the liquid crystalline L a-phase, and for both
different paramagnetic ions and different counterions. It is
found that: (1) The values of D(1/P) and D(1/P 2) are signif-
icantly smaller than for the fluid phase. (2) The dependence of
D(1/P) on spin-label position for different ions (including
Mn21) is rather weak and nonmonotonic. In particular, for
ome ions (Ni21 and Co21), a small but distinct maximum
xists in the region of the C-8–C-10 positions. (3) A depen-
ence of D(1/P) and D(1/P 2) on the nature of the anion is also
bserved in the P b9 intermediate gel phase for Ni21 and Mn21
ions (see Table 3). (4) There is no complete correlation be-
tween the values of D(1/T 1) and DDv (see Table 3).
The values of D(1/T 1) for 5-PCSL, 8-PCSL, and 12-PCSL
n DMPC in the presence of 10 mM CuCl , MnCl , or MnSO
FIG. 7. Dependence of the D(1/P) relaxation enhancement parameter on
spin-label position, n, for n-PCSL in egg phosphatidylcholine membranes at
39°C, in the presence of chlorides and perchlorates of Ni21 and Cu21 at a bulk
concentration of 30 mM: CuCl2 (), NiCl2 (E), Cu(ClO4)2 (), Ni(ClO4)2 (F),
and for K3Fe(CN)6 ({).2 2 4at 19°C are given in Table 3. It is seen that the spin–lattice
relaxation enhancements in the P b9 gel phase are considerably
ower than in the fluid phase; furthermore, the former values
re an order of magnitude smaller than the corresponding
alues of DDv in Table 3. At the same time there is a depen-
ence of D(1/T 1), DDv and D(1/P 2) on the nature of the
anion.
Diamagnetic MgCl2 and Mg(ClO4)2 were used as controls
also in the P b9 intermediate gel phase. The values of D(1/P 2)
for 8-PCSL in the presence of 30 mM MgCl2 and of 5-PCSL
n the presence of 30 mM Mg(ClO4)2 were 20.03 and 20.04
2
, respectively. In the linear EPR spectrum, a decrease in
inewidth of 0.22 G for Mg(ClO4)2 and, simultaneously, an
increase in the outer splitting, A max, by 0.95 G was observed.
Thus, the negative values of D(1/P) for MgCl2 and Mg(ClO4)2
in the P b9 intermediate gel phase, like those in the liquid
rystalline phase, are due to a perturbation of the rotational
ynamics, i.e., an increase in T 2eff.
These results indicate that in the P b9 intermediate gel phase,
s well as in the liquid crystalline phase, the paramagnetic
elaxation enhancements are not dominated by a static dipolar
nteraction of the membrane-bound spin labels with paramag-
etic ions in the aqueous phase, but in an anion-dependent
ashion are due to partitioning of paramagnetic ions into the
embrane.
FIG. 8. Dependence of the D(1/P) relaxation enhancement parameter on
spin-label position, n, for n-PCSL in egg phosphatidylcholine (PC) mem-
branes with and without 30 mol% cholesterol, at 19 and 39°C. Egg PC at 19°C
(h); egg PC at 39°C (); egg PC 1 30 mol% cholesterol at 19°C (S ); egg
PC 1 30 mol% cholesterol at 39°C ({). In each case, relaxation is induced by


































233EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTSDISCUSSION
Besides demonstrating the different efficiencies of various
paramagnetic ions for inducing spin-label relaxation enhance-
ment, this study shows the importance of the penetration of
ions into the membrane, which depends strongly on the com-
pensating anion. To use the latter to derive spin-label positional
information, both lateral and transverse, and also dynamic
information on the paramagnetic ions within the membrane, it
is necessary to analyze the mechanisms of relaxation enhance-
ment and broadening. This is done in the following sections.
First, intramembrane relaxation and broadening mechanisms
are considered. It is shown that dipolar mechanisms do not
contribute greatly to the intramembrane interactions with dis-
solved paramagnetic ions, in the case of Ni21, but may be
appreciable in the case of Cu21 and Mn21. Then, the intramem-
rane spin exchange frequencies are used to investigate trans-
ational diffusion of the paramagnetic ions. Finally, the depen-
ence on membrane composition is used to deduce salient
eatures of the divalent ion permeation mechanism.
ntramembrane Spin Exchange and Dipolar Interactions
Because of the membrane penetration of the paramagnetic
ons, it is necessary to estimate the relative effectiveness of
oth dipolar and exchange mechanisms of relaxation enhance-
ent by interactions taking place within the membrane. In this
ection we consider T 1 relaxation; T 2 relaxation is dealt with
ater. Strong exchange holds for Ni21 ions (see Table 2), and
he rate of Heisenberg exchange, T 1,HE21 , are given by the com-
ination of Eqs. [2] and [13],
T 1,HE21 5 4psRLrRLDT~ z! z nR~ z!, [18]
here the local ion concentration n R( z) at distance z along the
embrane normal is expressed as ions per unit volume. The
ate of static spin–lattice dipolar relaxation induced by para-
agnetic ions located in the membrane can be expressed in
erms of the integrated value,
^T 1,dd21 ~static!& 5
4
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@~ z 2 zSL!
2 1 r 2# 3G , [19]
where z SL is the vertical location of the spin-label group and d
is the bilayer half-width. This equation is obtained from Eq. [4]
by angular averaging, and the condition vT 1,R ! 1 that is valid
for Ni21 ions is assumed. As regards the lower limit of the
adial integral over r, it is reasonable to take the same value of
r that is used above for diffusional encounters.RLFor numerical evaluation of the ratio ^T 1,dd21 (static)&/T 1,HE21 one
must specify the ion concentration profile in the membrane.
We take an exponential decay (for which there is some exper-
imental justification—see Ref. (5)): n R( z) 5 n R,0e2az for 0 ,
, d and n R( z) 5 n R,0e2a(2d2z) for d , z , 2d, where n R,0
is the ion concentration on the lipid side of the lipid/water
interface, which generally is not equal to that on the aqueous
side. (It is also noted that the transmembrane polarity profile
decreases progressively toward the center of the membrane.)
As an estimate for 1/a we take the distance at which the values
f D(1/P) for NiCl2 and Ni(ClO4)2 decrease e-fold. For both
relaxants, this corresponds to a position between the NO
groups of 5-PCSL and 14-PCSL in DMPC membranes (see
Figs. 1 and 2) and therefore 1/a 5 0.95–1.15 nm (see, e.g.,
(41)). Taking r RL ’ 0.45 nm (42, 43) then: ^T 1,dd21 (static)^/T 1,HE21
5 B 1/D T, where the factor B 1 ’ 5–8 3 1028 cm2 s21 for
z SL 5 0.8–2.2 nm. Thus, the Heisenberg exchange mechanism
dominates for translational diffusion coefficients D T . 5–8 3
028 cm2 s21.
In the case of rapid translational diffusion, effective spin-
abel T 1 relaxation may also be induced by the dynamic dipolar
mechanism, but only by ions with g-values close to that of the
spin label. In the latter case we have, from Eq. [16],
T 1,dd21 ~dynamic! 5 ~4p/15 2!m R2 g e2nR/~DTrRL!. [20]
Then with Mn21, which is the only ion studied for which the
-value is close to that of the spin label, T 1,dd21 (dynamic)/T 1,HE21
’ 2.0 3 10212 cm4 s2/D T2 and Heisenberg exchange dominates
ver dynamic dipolar relaxation for diffusion coefficients
T . 2 3 1026 cm2 s21. As might be anticipated, this condition
requires faster translational diffusion rates than for that in
which collisional exchange dominates static dipolar relaxation.
Comparison with Experiment
Values of the translational diffusion coefficient for divalent
ions, estimated from their values in water (38) by using the
Stokes–Einstein relation, are D T 5 5 3 1027–1027 cm2 s21 for
ffective membrane viscosities of 20 to 100 cP, respectively. In
omparison, the anomalous non-Stokesian diffusion coeffi-
ients found for small polar nonelectrolytes in liquid hydro-
arbons and in polymers reach values of up to D T 5 3 3 1025
cm2 s21 (40–46). Thus, using these estimates for the transla-
tional diffusion coefficients of divalent ion pairs in membranes
shows that for Ni21 ions the Heisenberg exchange interaction
should dominate over dipolar relaxation.
Experimental arguments in favor of the Heisenberg ex-
change mechanism are the temperature dependences of the
relaxation enhancements measured for Ni21 chlorides and per-
hlorates (see, e.g., Fig. 6). Diffusion in the membrane is an
ctivated process and one expects the Heisenberg exchange
ate to increase with increasing temperature, as is observed










































234 LIVSHITS, DZIKOVSKI, AND MARSHbecomes less effective with increasing D T and for a static
mechanism, with the condition vT 1,R ! 1, one would expect
ither no temperature dependence or rather a decrease in T 1,dd21
because T 1,R is expected to decrease with increasing tempera-
ure (see Eqs. [19] and [20]). It should be noted, however, that
he paramagnetic ion concentration in the membrane may
ncrease with temperature, thus increasing the contributions
rom both exchange and dipolar relaxation mechanisms. If,
onversely, the paramagnetic ion concentration in the mem-
rane were to decrease with increasing temperature, the dipolar
echanism would definitely be excluded.
Similar arguments and conclusions are (most probably) valid
or the fast-relaxing Co21 ions for which, however, the rate
constants for Heisenberg-exchange, octanol partition coeffi-
cients and, correspondingly, the values of D(1/P) and DDv
(and D(1/T 1)) are significantly smaller than for Ni21 ions. For
he slower relaxing Cu21 and Mn21 ions, there is a greater
ossibility of appreciable enhancements from dipolar interac-
ions. This latter case requires consideration of T 2 relaxation
for which dipolar mechanisms are more effective.
Dipolar T2 Relaxation and Line Broadening
For Heisenberg exchange interactions, the contribution to
the spin-label T 2 relaxation is equal to the contribution to T 1
relaxation. For magnetic dipole–dipole interactions, on the
other hand, the T 2-relaxation enhancement is greater in general
han that for T 1 relaxation (compare Eqs. [7]–[9] with Eqs.
[10]–[12] and Eq. [14] with Eq. [16]). Only in the case of
extreme narrowing, v 2T 1,R2 ! 1 (i.e., only for Ni21 and Co21) is
T 2dd21 (static) 5 T 1dd21 (static), for the static contribution to dipolar
relaxation (cf. Table 1). It is seen from Table 4 that, in the
presence of Ni21 ions, the enhancement in T 2 relaxation, DDv,
s approximately equal to that in T 1 relaxation, D(1/T 1). For
Ni21 ions, paramagnetic relaxation enhancement is therefore
dominated by Heisenberg exchange. Static dipolar enhance-
ments that would contribute equally to T 1 and T 2 relaxation, in
his case, have already been estimated to be less significant.
owever, for Cu21 ions and also for Mn21 ions (see Tables 3
nd 4), the values of DDv are greater than those of D(1/T 1),
indicating an appreciable contribution from dipolar paramag-
netic broadening.
For 30 mM Cu21 ions, DDv-D(1/T 1) ’ 3–4 3 10 6 s21 (see
Table 4). This difference is comparable to the T 2 enhancement
rom static dipolar interactions with surface-absorbed Cu21
ions that was estimated above by using modified Leigh theory
(see Table 1). However, abundant experimental evidence was
given above for the penetration of Cu21 ions—most probably
as ion pairs—into the membrane interior, at least for the
perchlorate salt. Intramembrane dipolar interactions are there-
fore expected to make an appreciable contribution to the re-
laxation enhancement by Cu21 ions. This can arise from mod-
lation of the dipolar interaction by spin–lattice relaxation of
he paramagnetic ion (the static case) or by translational dif-
usion of the paramagnetic ions (the dynamic case).The contribution to the T 2 enhancement from dynamic di-
polar relaxation, T 2,dd21 (dynamic), is given by Eq. [15]. The
contribution to T 2 relaxation from dipolar interactions modu-
lated by the paramagnetic ion spin–lattice relaxation, T 2,dd21
(static), can be estimated in a way analogous to that used for
the static contribution to T 1 relaxation (cf. Eq. [19]). However,
he lower integration limit, r RL, must be modified if the dipolar
interactions become so large, on close approach, that they are
no longer averaged by T 1 relaxation of the metal ion. The
ondition for this is that gemR/r c3 ’ T 1,R21, which corresponds to
a critical distance of r c 5 0.7 nm for Cu21 ions. With 1/a ’
0.85 nm, as deduced from the data for CuCl2 in Fig. 1, the ratio
f the transverse relaxation rates from the two mechanisms is
hen T 2,dd21 (dynamic)/T 2,dd21 (static) 5 B 2/D T, where B 2 5
0.3–2 3 1026 cm2 s21 for z SL in the range 2.2–0.8 nm. Thus
the motional mechanism of dipolar T 2 relaxation dominates if
the translational diffusion coefficient of the Cu21 ion pairs is
greater than 2 3 1026 cm2 s21. This relatively high value
suggests that both dipolar mechanisms may make appreciable
contributions to the T 2 enhancement.
For Mn21 ions, it follows from the experimental values of
DDv and D(1/P 2) (Table 3), and from estimates of the static
dipolar enhancements (Table 1), that ions adsorbed at the
membrane surface can contribute not only to the D(1/T 2) rate
enhancement but also to the value of D(1/T 1). Thus, as seen
rom Table 3, the relative differences in D(1/P 2) values for
CuCl2 and MnCl2 are less than those in the corresponding
exchange-partition coefficient products, K p z k ex (cf. Table 2).
The values of DDv for 8-PCSL in the presence of 10 mM
MnCl2 are close to the static dipolar estimates for T 2,dd21 (Table
) and are greater (although by less than 10 times) than the
orresponding values for CuCl2 (see Table 3). However, the
alues of D(1/P 2) and DDv for Mn21, as those for Ni21 and
Cu21 ions, depend on the nature of the counterion. They are
greater for MnCl2 compared with MnSO4 (see Table 3). Also,
he values of D(1/P 2) in the presence of Cu and Mn chlorides
re comparable in magnitude: for 8-PCSL they are greater in
he presence of Cu21 and for 12-PCSL they are greater in the
resence of Mn21 (see Table 3). These data show that, in the
case of Mn21, the dipolar interactions both with ions in the
queous phase and with paramagnetic ions partitioned into the
embrane contribute to the net T 1,dd21 and T 2,dd21 relaxation rate
nhancements.
In the P b9 intermediate gel phase, the paramagnetic line
broadening is of the same order of magnitude as in the fluid
phase, whereas the ratios D(1/T 1)/DDv are significantly lower
han the corresponding values for the fluid phase, both for Cu21
and Mn21 ions (see Table 3). These results indicate that the
ontribution of Heisenberg exchange to the T 2-relaxation en-
hancement is very small in the P b9 phase, evidently because of
he slower translational dynamics in the gel state. For the same
eason, a purely static dipolar interaction appears to dominate
ver the dynamic (or diffusion-controlled) dipolar relaxation.













































235EPR RELAXATION ENHANCEMENT BY PARAMAGNETIC ION SALTSthe values of the paramagnetic broadening at 19 and 39°C for
Mn21 and Cu21 ions (see Table 3).
Thus, all the experimental results obtained allow one to
conclude that the relaxation enhancements produced by differ-
ent paramagnetic ions in the liquid crystalline and P b9 phases
of DMPC, and in egg PC membranes, are caused to a consid-
erable extent by partitioning of these ions into the membrane—
most probably as ion pairs—and the resulting Heisenberg
exchange or dipole–dipole interactions with the spin labels.
Intramembrane Translational Diffusion
The Smoluchowski expression for the diffusion-controlled
rate constant of collision between paramagnetic ion and spin
label in the membrane is given by Eq. [13] above. Using the
corresponding Eq. [18] with sRL 5 1 gives an upper limit for
he product of the translational diffusion coefficient and the
verage (local) ion concentration in the membrane, when it is
ssumed that dipolar interactions are negligible. If one takes an
ncounter radius of r RL ’ 0.5 nm (42, 43), then for DDv 5
.3 3 106 s21 (corresponding to an additional broadening of
.3 G) one obtains D Tn R ’ 8.4 3 1012 cm21 s21, where the
intramembrane ion concentration n R is given in cm23.
The diffusion coefficients for divalent ions in lipid mem-
branes are not known. Values for the diffusion coefficients of
the hydrated ions in water are around D T ’ 1025 cm2 s21 (38).
aking this value of D T gives a lower estimate for the concen-
tration of ion pairs in the membrane of n R ’ 8.5 3 1017 cm23,
which corresponds to a molar intramembrane concentration of
c i $ 1.4 mM. Using even a conservative estimate of the
ffective intramembrane viscosity of hM ’ 20 cP (47) would
increase this value by a factor of 20, according to the Stokes–
Einstein relation. It therefore seems likely that the intramem-
brane diffusion of the divalent ions takes place by some mech-
anism other than the simple viscosity dependence predicted by
the Stokes–Einstein model.
It is therefore of interest to compare the present results on
divalent paramagnetic ions with data on diffusion of small
polar nonelectrolytes and gases (O2) in membranes and poly-
mers (44–46). For these molecules, anomalously high diffu-
sion is known to occur (44, 45) with translational diffusion
coefficients in polymers and liquid hydrocarbons reaching val-
ues of D T ’ 3 3 1025 cm2 s21. The mechanism of such
anomalous diffusion is thought to be connected with structural
defects in these cases (44).
The relaxation enhancement produced by Heisenberg spin
exchange interactions of molecular oxygen with spin labels in
membranes was studied in detail by Hyde and co-workers
(48, 49). The concentration-diffusion product was found to be
about D Tn R ’ 1013 cm21 s21 in the fluid phase of DMPC
membranes. This value is of the same order of magnitude as
the D Tn R product found here for Cu21 and Ni21 perchlorates
and chlorides in fluid lipid membranes. However, the D Tn R
product for O decreases by an order of magnitude at the main2hase transition (48, 49), in contrast to the approximately two-
old decrease found here for D(1/P) (Fig. 6). The apolar
xygen molecule has greater affinity for the hydrophobic re-
ion of membrane, and its fast diffusion is attributed to the
ovement of small conformational defects (of a kink type) in
he bulk lipid (49–51). In contrast to molecular oxygen, the 3d
etal ions are strongly polar and therefore are probably located
n other defect microregions, possibly in those where water
olecules are occluded. These latter defect regions may not
ense the main phase transition to such a great extent.
ffects of Membrane Composition
It is instructive to compare the dependence of D(1/P) or
Dv on spin-label position for paramagnetic ions with the
orresponding dependences for oxygen transport (49) and
embrane polarity (52) when changing the lipid composition.
s will be seen below, this gives a strong indication of the
ermeation path taken by paramagnetic ions into the mem-
rane.
Addition of 30 mol% cholesterol increases the relaxation
nhancement in the polar region of the membrane and de-
reases it at the hydrophobic membrane midregion (Fig. 8). For
xygen transport, the opposite change is observed: cholesterol
ecreases the oxygen transport parameter in the polar region
nd increases it in the middle of the bilayer (49). On the other
and, there is a good correlation of the changes in D(1/P) for
aramagnetic ions with the polarity changes produced by cho-
esterol that were observed using n-PCSL spin labels in lipid
embranes (52). Intercalation of cholesterol (50 mol%) in-
reases the polarity in the more polar region of the bilayer but
ecreases it in the central hydrophobic region of the bilayer.
hus, probably, paramagnetic metal ions are located in the
embrane in the same regions as those in which penetrant
ater molecules are occluded.
CONCLUSIONS
Different relative contributions from the various mecha-
nisms of spin-label relaxation enhancement in fluid membranes
are found depending on the paramagnetic salt. Experimental
design may therefore be optimized to the particular situation by
the appropriate choice of relaxation agent. With the exception
of Co21, the efficiency of relaxation enhancement by Heisen-
erg spin exchange at a fixed concentration is comparable for
ll 3d ions studied. The strength of the enhancement depends
lso on the solubility of the ion in the membrane, which is
ontrolled principally by the anion. Relaxation by dipolar
nteractions is strongest for paramagnetic ions with longer T 1
values, Cu21 and Mn21, of which Mn21 is more effective
because of its higher electron spin.
For experiments relying solely on Heisenberg exchange
interactions, Ni21 is the paramagnetic ion of choice with fluid
















236 LIVSHITS, DZIKOVSKI, AND MARSHdo not arise. Whenever contributions from intramembrane in-
teractions are appreciable, determination of the depth at which
the spin label is located in the membrane requires an experi-
mental calibration of the relaxation enhancement profile by
using different positional isomers of spin-labeled lipids (e.g.,
the n-PCSLs). This method has been used previously with an
electroneutral Ni21 complex by Hubbell and co-workers [e.g.
5)]. Given that an empirical calibration must be performed,
u21 salts (or electroneutral complexes) are likely to provide
stronger relaxation enhancements than those of Ni21 because of
otentially higher solubilities and additional contributions
rom intramembrane dipolar interactions.
Mn21 ions provide additional distance-dependent enhance-
ments by static dipolar interactions with the population of ions
in the aqueous phase because of the higher spin of Mn21. These
contributions may, however, be offset by a less favorable
membrane solubility relative to Ni21 ions. In addition, there is
the technical complication of the background EPR signal in the
g 5 2 region from aqueous Mn21 at ambient temperatures.
evertheless, Mn21 ions do provide a possibility for modulat-
ing the depth profile of enhancement by means of the charac-
teristic depth-dependence of the dipolar contribution from ions
in the aqueous phase. If one wishes to emphasize dipolar
interactions from ions localized in the aqueous phase, at the
expense of Heisenberg exchange, then Mn21 is the most ap-
ropriate paramagnetic ion and sulfate should be chosen as the
nion (to minimize penetration). To confine relaxation en-
ancements to contributions from ions in the aqueous phase,
easurements should be made at low temperature in the lipid
el phase [cf. (3)].
Finally, the possibility of studying translational diffusion of
aramagnetic ions in the membrane opens up the possibility of
new range of experiments that, being localized to different
embrane regions, are complementary to oxygen transport
tudies (48, 49) and therefore deserve further consideration.
or this, Ni21 ions and particularly the perchlorate salt seem
especially suitable.
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